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Chalmers University of Technology

Abstract

Batteries are now part of our daily life as they enable easy usage of portable devices and are now essential for us
to travel, communicate, work, read, or listen to music. The diversity of battery applications continuously increases
and new demands of for instance capacity, charge time and sustainability have emerged. There is thus a need to
either increase the understanding of existing technologies or develop new chemistries. At the core of a battery
complex reactions are taking place at the electrodes, covering multiple length and time scales. This poses a great
challenge to understand mechanisms and based on this develop new solutions. One way to tackle this challenge
is to carry out operando experiments where properties or processes are investigated while the battery is being
cycled.

This work focuses on operando analysis of three different battery systems, comprising both current lithium-ion
batteries (LIBs) and next generation battery concepts, using X-ray imaging techniques. The key processes
addressed are lithium plating, a classic degradation mechanism in LIBs batteries, the dissolution and
reprecipitation of active material in lithium-sulfur batteries and the sodiation of hard carbon anodes for sodium-
ion batteries. X-ray imaging allows to follow the processes in real time as well as image an extended volume of
the electrode to correlate changes in morphology to the electrochemical processes taking place during cycling.
From XTM experiments, we found that electrolyte composition affects the morphology of lithium plating at the
graphite/separator interface and observed a change in the size distribution of sulfur particles after their
redeposition at the end of the charge. Through S/WAXS tomography, we show the sodiation of a hard carbon
anode spatial inhomogeneities.

Keywords: lithium-ion batteries, sodium-ion batteries, lithium-sulfur batteries, X-ray imaging, XTM,
SAXS.

I



List of Papers

I

I

111

Identifying the role of electrolyte additives for lithium plating on graphite electrode by
operando X-ray tomography.

Antoine Klein, Matthew Sadd, Nataliia Mozhzhukhina, Martina Olsson, Ludovic Broche,
Shizhao Xiong and Aleksandar Matic

Under review

X-ray scattering imaging of sodiation of hard carbon anodes.

Martina Olsson, Antoine Klein, Nataliia Mozhzhukhina, Shizhao Xiong, Christian Appel,
Mads Carlsen, Leonard Nielsen, Linnea Rensmo, Marianne Liebi, Aleksandar Matic
Manuscript

Investigation of 3D structure evolution in lithium-sulfur batteries with computed X-ray
tomography.

Antoine Klein, Salvatore de Angelis, Matthew Sadd, Stefano Checchia, Martina Olsson and
Aleksandar Matic

Manuscript

v



Contribution Report

I

II

111

I participated in the beamtime at the ID19 beamline at ESRF (Grenoble, France) which was
performed with the co-authors. I performed all data analysis and wrote the first draft of the
manuscript.

I was part of the beamtime at the ID15a beamline at ESRF. Data reconstruction was
performed by the co-authors, and I did all the data analysis and wrote the first draft of the
manuscript.

I participated in the planning of the S/WAXS experiment with the cell design and
electrochemical testing of the capillary cell. I participated in the beamtime and contributed
to the discussion of the results in the manuscript.



VI



Table of Contents

Abstract AT
List of Papers AV
CONIFTDUTION REPOTE u.annnnaenaennnennnennennensavisrensenssensessseisssissssssssssssssssssssssssssssssasssasssssssssssssssssssasssassssess V
1 IHEPOAUCHON a.cncnnnnnnaonacnnennnennnennnineecsannssecssisssesssesssssssisssiossesssessseesssssssessesssesssesssasssasssssssessssssses 1
2 BAMEFIES cuneennenrnensueisrecssenssecssesssnsssecssesssesssesssssssssssssssassssessasssssssssssssssasssasssesssssssssssasssasssasssssssssssseses 3
2.1 Basic principles of batteries 3
2.2 Lithium-ion batteries 4
221 LithiUm PIatiNg.....c.cecvieieiieieet et ee sttt ettt et e et e s st enaesseensesaeesesssenseensesennsenseensenseenes 6

2.2.2  Detection of lithium Platifg..........cceevierierieiieriecieie ettt sttt eeae e ssesseensesseenes 7

23 Lithium-sulfur batteries 8
24 Sodium-ion intercalation in hard carbon 10

3 Experimental methods A3
3.1 Electrochemical characterisation 13

T8 I O 10714 o1 I 6 113 F - TP PUSRR 14

3.1.2  PEEK CEIl dESIZN ..ooueiiiiiieieeieeieeetee ettt ettt sttt et e e e e sseensesseensesneensesnnensennsens 15

3.1.3  Capillary Cell AESIZN .....ovuieiiitieiieiieieeiiee ettt sttt e st e s te e s e st enbe e enseennenseennens 15

3.2 Small Angle X-ray Scattering 16
33 X-ray Tomographic Microscopy 18

4  Results & discussion... w23
4.1 Storage mechanism in carbonaceous materials 23
4.2 Structural evolution of sulfur particles in Li/S batteries during cycling..........c...c...... 26

5  Conclusion & Outlook w29
Acknowledgements... .. 30
References ... w31

VII






1 Introduction

The constant economic growth of our modern society imposes an increased demand for energy. We use
petrol, gas, and coal as if they are unlimited and consequenceless for the environment, but with the
rarefication of fossil-fuel resources and their contribution to environmental pollution, our way of
consuming excessively cannot remain as it is. Thus, a shift towards clean and sustainable ways to
convert energy is necessary. One of the obstacles to developing non-carbonated energy systems is their
intermittent nature (e.g., solar and wind power) but this can be tackled by combining them with an
energy storage system. Lithium-ion batteries (LIBs), an established technology, could fulfil this role
due to their high energy density [1,2]. From a more global point of view, applications of LIBs are
diverse, from storage of intermittent renewable energy to portable devices and electric mobility. As a
step towards limiting the impact of transportation on greenhouse gases, the European Union has agreed
to a plan for the next decade to have “Zero emission from new cars by 2035 [3] which means that
every new vehicle produced from then has to be electric. To meet this demand, an intense effort from
the research community is needed to advance battery technology in terms of e.g., energy density,
lifetime, rate capability and sustainability.

The key to reaching high performance in batteries is to understand the physical and electrochemical
processes taking place at the core of the active materials. For example, a complete comprehension of
degradation, storage mechanisms and ion transport are crucial questions in battery research. New
technologies, unlike LIBs, have not benefited from half a century of extraordinary scientific research,
and many intricate processes and mechanisms need to be understood. For instance, in sodium-ion
batteries[4], common battery materials such as graphite cannot be used and instead hard carbons, with
a more disordered structure, are a possible anode material but the storage mechanism still needs to be
understood. Hard carbon is made of grains with micropores and a disordered, amorphous stack of
graphene layers. A larger interlayer distance compared to graphite and the micropores make it possible
to store of sodium ions. Similarly, the conversion reaction in lithium-sulfur batteries enables to
considerably increase the energy density compared to LIBs but the complex conversion mechanism
with dissolution and precipitation of sulfur lacks a clear comprehension to enable this technology the
reach the market [5].

The scope of this thesis is to build a deep understanding of processes taking place inside a battery system
through operando characterisation, i.e., while the battery is operating, with X-ray imaging. It enables
to track physical processes in electrode materials to build a mechanistic understanding of the
electrochemical processes. In Paper I, we investigated the effect of electrolyte additives on Li plating.
Li-plating is a common degradation mechanism, occurring during abuse, low temperatures of fast-
charging of a battery where metallic Li is deposited on the graphite electrode instead of intercalated. In
Paper 11, we tracked the sodiation of a hard carbon electrode in a custom capillary cell through operando
S/WAXS tomography and observed micropore-filling inhomogeneities in the electrode. Finally, in
Paper III, the morphological dissolution and precipitation of elemental sulfur were monitored and
further characterised with particle analysis.






2 Batteries

2.1 Basic principles of batteries

A battery converts chemical energy to electric energy by the spontaneous reaction of an oxidant and a
reducer. At discharge, the resulting current can be used to power a device and at charge, an external
current is applied to reverse the reaction. At each electrode, an electrochemical half-reaction takes place.

Reduction:
O™ +ne” >R Eq. 1

Oxidation:
R - 0™ +ne” Eq. 2

The electrode where the reduction occurs is called the cathode and the electrode where the oxidation
happens is called the anode, O is the species accepting electrons and R is the one giving them. Electrodes
are physically separated and an ion conductive medium, an electrolyte, transports the charged species
via migration or diffusion. Each electrode reaction has an intrinsic potential given by the Gibbs free
energy:
AG
nF

Eq.3

n being the number of electrons exchanged and F the Faraday constant and what is called the overall
potential of the cell is defined by:

Ecett = Ecathode — Eanode Eq. 4

&
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Figure 1. The basic scheme of a Leclanché cell, a precursor to the commonly used dry batteries [6].
Batteries are divided into two categories, the non-rechargeable (primary batteries) and rechargeable
(secondary batteries, e.g., LIBs). An example of a primary battery, the Leclanché cell is shown in

Figure 1 where zinc is the reducer and manganese dioxide is the oxidant. The overall cell reaction is:

Zn+ 2Mn0, & Zn0.Mn,0; Eq. 5

The voltage cell is here 1.4 V and the cell is considered discharged when all the manganese dioxide was
consumed and the end product hetaerolite Zn0. Mn, 05 formed [7].

Another important parameter of a battery is its capacity (in Ah) which is related to the number of
electrons it can deliver:



C= Jl(t)dt Eq. 6

It is linked to the mass of reactants involved in the electrode reaction through Faraday’s equation which
gives the specific capacity of active materials:

nF
C; =— Eq. 7
s= Y q
Here M is the molecular mass of the reactants, F is the Faraday’s constant, and n is the number of
electrons exchanged. The specific capacity is commonly expressed in mAh/g and defines how much
charge a material can store. The energy output is often normalised by weight of active material, it is
then called the energy density and expressed in Wh/kg:

W = Ecell CS Eq 8

From Eq. 8, one can understand that there are two ways to increase a battery’s energy density, either by
changing the cell voltage with a new combination of positive/negative electrode materials or by tuning
the capacity with electrode composition.

2.2 Lithium-ion batteries

Lithium-ion batteries (LIBs) have become the state-of-the-art technology when it comes to secondary
energy storage. They cover a wide range of applications, such as phones, laptops, and electric vehicles.
Even though the first LIB was commercialised in 1991 by Sony [8], their working principle has not
fundamentally changed since then. In a LIB, lithium ions are transported by a liquid electrolyte and
inserted in the electrodes. The positive electrode is most commonly a lithiated transition metal oxide
(LiMOy) and the negative electrode is based on graphite.

Originally, positive electrode materials were layered sulfides, e.g., TiS,, that could intercalate lithium
ions at 2.5 V, as shown by Whittingham et.al. in the 70s [9]. Subsequently, Goodenough et.al. pushed
the cell voltage to 4V by introducing lithium cobalt oxide (LCO) in a reversible way [10], while Yazami
et.al. proved the possibility of reversibly intercalating Li" in graphitic materials [11], finally, Yoshino
et.al. improved the electrolyte and safety [8]. In 2019, Whittingham, Goodenough and Y oshino received
the Nobel Prize in chemistry “for the development of lithium-ion batteries” [12]. The first LIB
introduced to the market by SONY only had an energy density of 80 Wh/kg, but this has, since then,
been pushed to 250-300 Wh/kg with new types of active materials, electrolytes and engineering of the
cell itself [13].
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Figure 2. Schematic of a lithium-ion battery during charge.

Figure 2. shows the typical layout of a LIB. The usual negative electrode material is graphite which is
a stack of graphene layers. Lithium ions intercalate at a potential between 0.2 and OV vs. Li"/Li thanks
to the low van der Waals interaction between the graphene layers [ 14]. Graphite offers both high specific
capacity (372 mAh/g), low electrode potential, and low cost (only made of carbon atoms), making it an
excellent negative electrode material. On the cathode side, there is a variety of options to choose from
depending on the desired application for the battery, e.g., if high energies or high power densities are
desired. Transition metal oxides are the most common commercial positive electrode materials (e.g.,
LiCo0O,, LiMn;O,, LiFePOs or LiNixMn,Co,0,), where lithium ions intercalate into available
crystallographic sites. The electrolyte typically consists of the lithium salt LiPFs dissolved in a mixture
of organic solvents [15] (e.g. Ethylene Carbonate (EC), Propylene Carbonate (PC) or Ethyl Methyl
Carbonate (EMC)) in different ratios to improve the electrochemical and thermal stability window.

The voltage window at which LIBs are operating is essential to achieve a high energy density but at the
same time, the electrolyte is not stable in this window. It will thus decompose at the electrode surface
and this process is very important for stable cycling. The concept of a thin layer of decomposition
products formed at the electrode/electrolyte interface was introduced by Peled in 1979 [16] and is called
the Solid Electrolyte Interphase (SEI). It will prevent further electrolyte decomposition if the following
conditions are met [17]:

- agood mechanical stability and adhesion to the electrode surface for it to not detach in case of
swelling or cracking during cycling.

- to be electronically insulating to prevent further decomposition and a continuous consumption
of the electrolyte.

- to be an ionic conductor to allow Li" diffusion to the electrode.

- homogenous in composition and distribution over the electrode to avoid preferred reaction sites.

The SEI is composed of various organic and inorganic compounds and their nature depends on the
electrode, salt, solvent, and impurities in the electrolyte. Typical SEI products are LiF, Li,O, Li,COs,
polyolefins and semi-carbonates [18]. When a battery is assembled, and the graphite electrode is
immersed for the first time in the electrolyte it will spontaneously reduce and start to form a SEI.
Additionally, SEI formation will take place during the initial cycles as the potential of the electrode
decreases toward OV vs. Li+/Li. Depending on the type of graphite, the current densities applied and
the solvents and salt used, the SEI will be formed at different potential [18] and can be controlled by
careful initial cycling at low current densities. This process is called precycling of the cell.
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Figure 3. Voltage profile of a lithium-graphite stack in a coin cell during the intercalation process under
constant current corresponding to a tenth of the total capacity (C/10, 0.18 mA). The steps correspond
to an increased concentration of Li in graphite.

Graphite is a carbonaceous compound that is made of an ABAB stacking of hexagonal carbon layers
(graphene). At low potential, lithium can intercalate between graphene planes typically at a potential
below 0.2V vs. Li"/Li (Figure 3). The overall intercalation reaction of Li in graphite can be summarised
as:

xLit+e 4+ Cs— Li,Co (0<x<1) Eq. 9

The different plateaus observed in the voltage profile correspond to the increased concentration of Li
in LixCs (0<x<1) and represent the graphite layers being filled by lithium ions [19,20]. As lithium
intercalates, the interlayer distance between graphene planes increases, resulting in an overall volume
change of the bulk material and shift to an AAA stacking of graphene layers [21]. Different studies
show that fully lithiated graphite swells about 10-13% in volume compared to its pristine state [20, 22,
23,24].

2.2.1  Lithium plating

Lithium plating is a common degradation mechanism during the lithiation of graphite [25]. As lithium
ions are intercalated in graphite, the potential of the electrode drops close to 0 V vs. Li"/Li (Figure 3).
Theoretically, the intercalation reaction should stop at this limit but under high current densities, high
state of charge (SOC) or low-temperature conditions [25], the potential can drop below 0 V and trigger
lithium metal deposition instead of insertion. In addition, if graphite is already fully lithiated (i.e., in
case of a high state of charge or overcharging), there is no more space in the electrode to accommodate
Li" which will result in an accumulation of ions at the electrode-electrolyte interface and lithium can
plate and form a metallic film at the surface of graphite. The SOC dependence of plating was studied
by Petzl et.al. who proposed a linear relationship between the mass of deposited lithium and SOC [13].

Charging at low temperatures increases the risk of lithium plating, typically, in the temperature range
is -20°C to + 60°C [28]. It is considered that below -20°C, transport proprieties, like diffusion of lithium
in graphite, ionic conductivity (in the electrolyte and SEI), and charge transfer rate are significantly
decreased [27] and at low temperatures, lithium ions adsorb at the graphite interface faster than they
can diffuse into the electrode, resulting in an accumulation of charges and thus a rise for onset of lithium
plating [29]



There are two main effects on the battery when lithium plating occurs: one is a safety issue and the
other is a capacity fade. Plated lithium typically grows in a dendritic fashion [30] e.g., in tall, spiky
structures that can lead to short circuits of the cell if they reach the positive electrode. The short circuit
causes a rapid and uncontrolled increase in temperature (also called thermal runaway) to the point where
the battery fails catastrophically and releases all its energy in the form of heat [31]. The capacity fade
over multiple cycles due to Li-plating is caused by different phenomena [27]. The first one is the loss
of active material with the creation of dead Li. After lithium has been plated, a fraction of it will be
stripped back during the discharge, it is thus called reversible lithium plating and does not lead to
capacity fade. If part of the plated lithium is not stripped back it is simply not available anymore which
causes a loss of lithium inventory and thus available capacity [32]. The plating and growth of lithium
also lead to new surfaces available for the formation of fresh SEI [33] and the electronically insulating
nature of SEI can lead to the disconnection of dendrites from the electrode, creating dead Li. As seen
in section 2.2, SEI is made of various components from the electrolyte. This newly formed SEI causes
a continuous consumption of electrolyte, leading to further capacity fade [27].

The electrolyte plays a major role for Li plating and choosing the right combination of salt solvent and
additives can help to tackle issues in LIB. For instance, the introduction of small concentrations of
additional species in the electrolyte is a strategy to mitigate Li plating, by forming different SEI. For
instance, Jones et.al. showed the beneficial effect of lithium bis(fluorosulfonyl)imide (LiFSI) on lithium
plating at low temperatures (down to -50 °C) [34]. This improvement was due to a reduced SEI
resistance while also not altering kinetics at the positive electrode. They also claimed that the addition
of vinylene carbonate (VC) resulted in a tendency for lithium plating at low temperatures compared to
a baseline electrolyte composed EC, EMC, and methyl propionate (MP) in a 20:20:60 volume ratio with
1.0 M LiPF6. On the other hand, it was shown by Burns et.a/. that VC can have a beneficial effect on
plating [35] depending on its concentration. LiFSI and VC are SEI modifier additives that create
different SEI compositions. VC decomposes at the graphite/electrolyte interface into a polymeric thin
film, protecting from further electrolyte composition [36]. LiFSI acts differently by creating a SEI rich
in inorganic lithium compounds, such as LiF [37,38].

2.2.2  Detection of lithium plating

The detection of lithium plating in LIBs is often considered a challenging task, especially in commercial
cells. The theoretical definition of the start of Li plating is the electrode potential dropping below 0V
vs. Li"/Li. However, this simple condition is most often hard to verify since the overall cell voltage is
measured by the difference in potential between the two electrodes in the cell. Thus, knowing the actual
potential of one of the electrodes is impossible in this setup. To address this issue, one can introduce a
third reference electrode, enabling one to determine the potential of the individual electrodes. This
simple and reliable method can detect Li plating but its implementation in battery cells requires design
modifications that can impact battery performance [39,40]. Another method that can be implemented
in an operating battery is the analysis of differential capacity during delithiation. In this step, plated
lithium will be stripped first, i.e. at a voltage lower than the de-intercalation process, and can be
observed in the voltage profile by an early plateau [41]. Differential capacity analysis can exacerbate
this high voltage plateau during delithiation by transforming it into a peak, allowing an easy
identification of the lithium plating onset [34,42]. This method can easily be applied while the battery
is being cycled but needs to have control cycles with minimal current densities to avoid the overlap of
de-intercalation reaction and Li-stripping in the voltage profile.

To identify plated Li after the battery has been cycled, it is possible to open the cell and visually inspect
the electrode. This method has the advantage of being simple but destructive and not quantitative [43].
Observation of lithium deposition can also be done by various surface techniques e.g., Atomic Force
Microscopy (AFM) [44], Transmission Electron Microscopy (TEM) [45] or optical microscopy [30],
[46]. These methods can image the electrode and identify plated Li. However, they cannot provide a
quantitative analysis of the deposition which is crucial to be able to compare studies and carry out
deeper analysis. Nuclear Magnetic Resonance (NMR) has a great sensitivity of 'Li, resulting in short



measurement times. and can not only quantify the mass of plated Li but also determine the type of
plated morphology whether it is mossy or dendritic [47,48].

Raman spectroscopy has also been used to identify plated Li [49,50]. Metallic deposition has a signature
in the Raman spectrum when it forms a new bond in the SEI on graphite during nucleation. This new
bond results in a Raman band around 1850 cm, is characteristic of lithium acetylide species (Li»Ca)
and can be used to locate specific spots where lithium plating occurs on the electrode. In Figure 4, an
optical microscopy image shows in which regions Raman spectra have been resolved. The gold-looking
‘Region 1’ is a lithiated graphite grain and displays the typical Raman G-band at around 1600 cm™. In
‘Region 2’, one can identify a grey-looking phase associated with lithium plating. The spectrum in this
region shows a band at 1853 cm™ which is not present in ‘Region 1°.
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Figure 4. Optical microscopy image of a fully lithiated graphite electrode surface and associated Raman
spectra. The electrode comes from a cycled coin cell and is put in an air-tight cell with a glass window,
enabling Raman imaging of the electrode.

X-ray imaging has been used to track lithium formation on various substrates [22,51,52,53]. X-ray
tomography microscopy can provide a 3D image of lithium microstructure while the battery is being
cycled. However, identifying lithium growing on a graphite surface is challenging in absorption-based
tomography because of the poor contrast between graphite, electrolyte-filled pores and deposited Li
[54].

2.3 Lithium-sulfur batteries

Lithium-sulfur (Li/S) is a promising next-generation battery chemistry to replace the current state-of-
the-art LIBs. The large specific capacity of elemental sulfur (1672mAh/g) compared to common
positive electrode materials (140mAh/g for LiCo0Q,), the non-toxicity and the abundance of sulfur
makes it a suitable choice for sustainable, high energy batteries [5,55]. A Li/S battery is generally made
up of elemental sulfur, Sg, embedded in a matrix of conductive carbon and a binder. The binder ensures
that the composite electrode holds together, and the carbon additive creates an electron-conductive
network to electrically connect sulfur particles as sulfur is an insulator (scheme in Figure 5a). The
capacity of the cell comes from the conversion of elemental sulfur to Li,S according to:

S+ 2LiT +2e” - Li,S Egq. 10



However, the conversion reaction itself can be broken down into several steps [56]:

Sg + 2Li* + 2e~ - Li,Sg Eq. 11
LizSg + 2Ll+ + 23_ g LizSg_n + LizSn (n = 4' - 6) Eq 12
LiySg_n + LipS, + 12Li* + 12~ — 8Li,S Eq. 13

At the beginning of the discharge, elemental solid sulfur, Sg, converts to the polysulfide Li»Ss according
to Eq. 11. In common electrolytes, this product is soluble so the initial reaction also involves a solid-
liquid transition which is related to a plateau in voltage profile (Figure Sb) between 2.3-2.4V[57], [58],
[59]. Subsequently, long-chain polysulfides are converted to shorter-chain polysulfides Li,S, (n =4 —
6) in a liquid-liquid reaction (Eq. 12), since these polysulfides are all soluble in common electrolyte.
This is represented in the voltage profile by the slope between the first high-voltage plateau and a second
plateau around 2.1V. This lower plateau represents further conversion of Li»S; to the end product Li,S.
The last step also involves a liquid-to-solid transition since Li>S is insoluble in most common
electrolytes. The cell polarisation at the very end of the discharge (a fast drop of the potential) indicates
that all the sulfur has been converted to Li,S and the reaction is terminated.
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Figure 5. a. Scheme of a Li/S cell with a sulfur-carbon composite electrode combined with a Li metal
counter-electrode. b. Voltage profile of a Li/S cell at discharge under a constant current of 1C
corresponding to 3.4 mA/cm?.

Since intermediate conversion products, Li>S, (n = 3 — 8), are soluble in the liquid electrolyte, they can
diffuse due to concentration gradients in the electrolyte towards the counter electrode. Once at the Li
surface and during the charge, they can gain an electron and reduce to shorter chains and then, they
diffuse back to the working electrode where they are oxidised once again. This reaction is known as the
shuttle effect and is a parasitic reaction responsible for the poor coulombic efficiency of many Li/S
batteries [60, 61,62]. Another issue connected to the solubility of polysulfides is that diffusion back to
the cathode can be slow. This leads to capacity fade during cycling as a part of the active material is
lost in the electrolyte [5]. Another important aspect of Li/S batteries is the electrolyte/sulfur ratio (E/S)
which needs to be as low as possible (=1 pL/mg) to reach high energy densities [63]. However, at the
research scale, the E/S ratio is often reported to be >20 uL/mg [64]. This gives a false representation of
cell performances since a flooded cell can compensate for the loss of sulfur due to diffusion and shuttle
effects.

The solid-liquid-solid reaction described by Eq. 11-13 is valid for the common ether-based electrolytes
[59]. They are typically composed of the lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in a



mix of two solvents: 1,2dimethoxyethane (DME) and 1,3-dioxolane (DOL) in a 1:1 volume ratio.
Lithium nitrate (LiNO3) is added to form a stable SEI at the Li-metal anode and mitigate the shuttle
effect [63]. To circumvent polysulfide dissolution and loss of active material, another reaction pathway
can be followed, where elemental sulfur is directly converted to short-chain polysulfides with a lower
solubility compared to longer ones, called the quasi-solid reaction pathway [59]. This type of reaction
is enabled using different solvents (usually with a higher viscosity) that prevent dissolution. One
example is the system developed by the Nazar group which is a glyme-based [64], and another
electrolyte from CIC, energiGUNE is based on sulfolane and a highly fluorinated ether-based solvent
[65]. In these studies, a low electrolyte to sulfur ratio was used and still resulted in high specific
capacities, i.e. high active material utilisation.

A massive research effort is needed to understand the complex sulfur conversion reaction and improve
Li/S cells. Characterisation techniques such as the X-Ray Diffraction (XRD) [58] showed that
polysulfides adsorb on the fibres of a glass fibre separator, identifying their diffraction peaks thanks to
their interaction with silica. Raman spectroscopy, [66] has been used to provide a better comprehension
of polysulfide evolution in the electrolyte with selective solubility of fluorinated ether-based
electrolytes. X-ray tomographic microscopy (XTM) has been used to directly image sulfur particles and
quantify their dissolution/precipitation throughout cycling [57,67,68,69]. Tan et. al. used absorption-
based computed tomography to resolve a sulfur cathode and reported that the reaction rate is diffusion-
limited since the dissolution and precipitation of elemental sulfur evolves from the cathode-separator
interface [68]. More recently, Sadd et.al. applied synchrotron-based XTM to demonstrate the complete
dissolution of sulfur and observe the precipitation of end-of-discharge product Li,S with a phase
contrast reconstruction [57].

2.4 Sodium-ion intercalation in hard carbon

Sodium-ion Batteries (NIBs) are an alternative to LIBs with the promise to improve sustainability,
sodium is the 4™ most abundant element in Earth’s crust [70]. However, unlike lithium, graphite is not
suited for NIBs since the intercalation of sodium into graphite is limited [71]. Hence, an alternative of
high-performance anode is needed. Other types of carbonaceous materials have instead been
investigated for NIBs [71]. Among them, hard carbons (HC) are a promising class of negative electrode
materials with high specific capacity. For instance, Zhao et. al. combined a 400 mAh/g HC anode with
a layered oxide positive electrode to make a cell with an energy density of 240Wh/kg based on the
materials used [68].

Hard carbons are disordered materials and lack the long-range order of graphite. HC particles contain
both open and closed nano-sized pores, granting them superior mechanical strength compared to
graphite, hence the term hard carbon [71,74] (Figure 6a). Moreover, the graphene layers in HC are
randomly stacked and oriented compared to the regularly oriented and spaced layers in graphite (Figure
6b). HC is synthesised by pyrolysis of various organic precursors below the graphitization temperature
of 3000°C [72], and the specific synthesis temperature will influence both the pore size distribution and
graphene spacing [75]. Typical pyrolysis temperature range is between 1000°C and 2000°C, giving a
pore size distribution of 5.1 A t0 9.2 A in radius [74].
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Figure 6. Comparison between a. Graphite and b. hard carbon structures. The schematics and zoomed
inset are not to scale.

The extra space in the pores and between graphene layers enables new ways for ion insertion, leading
to a more complex storage mechanism with both pore filling and intercalation between graphene layers
and the sodiation mechanism is still up to debate [72]. A typical voltage profile of HC sodiation is
shown in Figure 7. Generally, the slope region is attributed to intercalation between graphene layers
and the plateau region to pore filling [72], [74]. However, HC structure can vary considerably depending
on the pyrolysis temperature and precursor which complicates the creation of a single model to fully
describe the storage mechanism. High pyrolysis temperature means that the HC structure is closer to a
highly ordered long-range structure of graphite. It is expected that elevated synthesis temperature
(typically at 2000°C), reduce defect concentration and interlayer spacing, as well as increase the
nanopore size distribution in the hard carbon structure [74], [75].
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Figure 7. Voltage profile of the sodiation of commercial hard carbon at a constant current of an HC—
Na coin cell. The current corresponds to a tenth of the capacity (20 mA/g)

Studying the sodiation process is a challenging task due to the complex structure of hard carbons.
However, scattering techniques are well suited to understand how sodium is inserted in HC. For
instance, with Raman scattering, the effect of the pyrolysis temperature on the HC structure has been
investigated. The HC Raman spectrum shows the characteristic D (<1350 cm™) and G bands (<1590
cm™), related to sp® carbon atoms bond stretching and breathing, respectively. The intensity ratio of
these two bands can be used as an estimation of the defect concentration in HC (e.g., vacancy point
defects) [74]. Small and wide-angle X-ray scattering (S/WAXS) are particularly useful to describe the
HC structure. By modelling the SAXS pattern [74,76], it is possible to extract information on particle
roughness and nanopore size evolution during the sodiation process. The WAXS curve can be modelled
by pseudo-Voigt functions [75] to determine the crystallinity, interlayer and in-plane spacing but also
to identify the onset of side reactions such as sodium plating. A S/WAXS pattern showing different
features of hard carbon is discussed later in this thesis.
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3 Experimental methods

3.1 [Electrochemical characterisation

Galvanostatic cycling is a common battery method to both understand reaction mechanisms and
evaluate cell performance. In this technique, a constant current is applied and the potential response
between the two electrodes is measured, and it is possible to extract useful cell parameters such as its
capacity, coulombic efficiency (capacitycharee / Capacitydisnaree) Or rate capability. The choice of the
current is usually made with respect to the mass of one of the electrodes (mA/g) or its area (mA/cm?)
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Figure 8. a. Galvanostatic cycling of a Li/S cell over multiple cycles at a current of 1C which
corresponds to 3.4 mA/cm? in this cell and b. the corresponding discharge capacity and coulombic
efficiency.

Figure 8a shows the voltage profile of the charge and discharge of a Li/S cell where elemental sulfur
is the positive electrode and Li metal is the negative electrode. The x-axis is given as the specific
capacity (mAh/g) instead of time to be able to compare different active materials or charge/discharge
rates. The capacity fade over multiple cycles can be observed in Figure 8b as well as the coulombic
efficiency.

In a “half-cell” configuration, the negative electrode is a metallic Li foil and has the function of being
a large reservoir of lithium. The main advantage of a half-cell configuration is that despite having a
two-electrodes set up, we can assume that the potential of the metallic counter electrode is close to OV
vs. M'/M (M=Li, Na, K, Mg, or Zn) since the reaction taking place is the plating or stripping of the
metal. Therefore, the overall potential of the cell can be assumed to be the one of the working electrode.
A “full-cell” uses an actual active material at both positive and negative electrodes. The battery is being
tested in conditions closer to a commercial cell to evaluate its performance. Figure 9 shows the voltage
profile of a cell with LiFePO4 (LFP) as the positive electrode and graphite as the negative electrode.
The overall voltage is the combination of graphite/LFP intercalation/deintercalation processes at both
electrodes. With Figure 8 and Figure 9, we can compare sulfur and LFP as positive electrode materials,
where LFP shows better cycling stability (over 10 cycles) but has a lower specific capacity for the same
current rate (at 1C). However, the actual current density (in mA/cm?) was higher for the Li/S cell.
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Figure 9. Voltage profile of LiFePOs—Graphite full-cell over 10 cycles at a current of 1C corresponding
to 2.0 mAh/cm?.

3.1.1  Coin cell design

At the lab scale, the most common cell used to test battery materials is the coin cell. It allows rapid and
easy cell assembly and material screening before any test in a larger cell format (e.g., pouch cell or
cylindrical cell). The components of a coin cell are shown in Figure 10.
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Figure 10. Photograph of the different coin cell parts.

However, a coin cell design is not always adapted for materials characterisation techniques to be
performed in-situ or operando. The stainless-steel casing that makes the coin cell prevents access to
visible light which makes Raman spectroscopy or optical microscopy experiments impossible to
perform without heavy cell modifications (e.g., drilling a hole and putting a window). X-rays can be
used to perform scattering experiments but only at high enough energies, e.g., Finegan et.al. performed
operando X-Ray Diffraction (XRD) to monitor graphite intercalation using a coin cell with a 72.1 keV
monochromatic beam [77]. Other types of cells suited for in-situ or operando will be discussed later in
this thesis.
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3.1.2 PEEK cell design

Other cell designs based on materials that are more X-ray transparent and stable against the electrolyte
are required to achieve good image data quality. However, the cell still needs also to have good
electrochemical performances to have results relevant results compared to classical cells (e.g., coin cell,
Swagelok cell or pouch cell) for X-ray imaging.

Lithium EL_
GF Separator ’

Graphite electrode

Figure 11. Photograph and scheme of the tomography cell used for XTM experiments. A blow-up view
of the battery stack shows the graphite-lithium half-cell configuration.

In the experiment carried out at the ID19 beamline at the European Synchrotron Radiation Facilities
(ESRF) a cell made of Polyether Ether Ketone (PEEK) with an internal diameter of 1.5 mm (Figure
11) was used. PEEK has a high X-ray transmission and is suitable as battery because of its good
chemical stability. The middle section of the cell (where the electrode stack is located) was further cut
to reduce X-ray attenuation. The pressure applied between the two electrodes is made by two metal
plungers (used as current collectors) held in place by ferrules and screws that ensure the airtightness of
the cell. The FOV achieved with the camera is 1.48 x 1.48 mm? and with an electrode diameter of 1.5
mm, 97 % of the electrode surface can be captured.

3.1.3  Capillary cell design

For S/WAXS experiment, PEEK is not well suited as it has a strong scattering signal [78] which may
overlap with the features of interest. To circumvent this issue, a quartz capillary cell design can be used.
The cell is shown in Figure 12.
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Figure 12. Photograph of a capillary cell for SAXS experiments and schematic with the different
components indicated. Copper wires soldered at the bottom and top (not shown) ensure electrical
connection.

The hard carbon dip-coated electrode is made from a slurry made of 85 wt.% HC, 10 wt.% PVDF binder
and 5 wt.% carbon additives and inserted in the glass capillary tube. Then the capillary is filled with
electrolyte and the other pin with sodium metal is inserted. The cell is air-tight and sealed with a UV-
curable glue.

The small pin diameter (in the range of 0.8 to 1.2 mm) enables to capture the entire electrode in the
FOV and analysis of the full electrode to observe inhomogeneities in the sodiation over the HC anode.
Another advantage of the capillary cell is that the transparent glass, with no separator, allows direct
observation of the electrode and electrolyte, meaning that quantitative analysis based on optical imaging
can be carried out [57].

The main issue of this cell design is that is extremely fragile, meaning that its assembly procedure is
challenging and requires careful handling of the quartz tube. It is also difficult to precisely control the
distance between the electrodes which leads to a cell that cannot be reproduced exactly. Additionally,
gas can be trapped between the pin and the capillary wall when assembling the cell. It can eventually
move when handling the cell or simply by gravity move in the space filled by electrolyte between the
electrodes (see the photograph in Figure 12). This can severely reduce the cell performance or even
lead to the cell failure if the bubble grows too big. Finally, the electrode slurry is dip-coated on the pin
which makes it difficult to know the electrode’s actual capacity with great precision. The capacity can
be determined before cycling by segmentation of the electrode with an initial XTM scan.

3.2 Small Angle X-ray Scattering

Small Angle X-ray Scattering (SAXS) is a characterisation technique based on the elastic scattering of
X-rays with matter. SAXS is sensitive to structural change such as the average particles and shape
distribution of a material, but it can also address its crystallinity and ordering. This non-invasive
technique has diverse applications (e.g., powder dispersion, polymers, metals, porous materials) and
can give information about materials at length scales in the nanometer range.
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Figure 13. Schematic of a SAXS setup. The large sample-to-detector distance (2-50m) allows scattering
at low angles, giving structural information on nanometre length scales.

A typical SAXS setup is shown in Figure 13 where an incident monochromatic X-ray beam, defined
by the wave vector ic—; impinges on the sample and is elastically scattered at the angle 26. The scattered
beam is represented by the wave vector 76: From this, it is possible to define the scattering vector §:

q= |E—E|=751n9 Eq14

where 4 is the X-ray wavelength and 0 is half of the scattering angle. Using q instead of the scattering
angle is convenient since it allows for a direct comparison between scattering patterns, independently
of the source wavelength. The vector ¢ represents the structure length scale in reciprocal space and
gives an idea of the size of objects scattered by the beam.
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Figure 14. SAXS curve from a hard carbon powder on loglog scale. Low q values (red) are the
contribution of the particles, the medium q range (blue) contains information on the nanopores, and the
high q region (green) is the wide-angle X-ray scattering (WAXS) range with crystal structure
information.

As an example, a typical SAXS pattern from a hard carbon powder is shown in Figure 14 with a power
law dependence at low q, a shoulder or bump at intermediate q and a peak at high q corresponding to
the (002) reflection of graphite planes. To extract quantitative information, the SAXS curve needs to be
modelled or fitted. There are multiple models to fit the SAXS curve from hard carbons, e.g., the Porod
slope at low q which describes the particle roughness [71, 74].
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By using a focused beam, it is possible to spatially scan the sample and get SAXS patterns at multiple
points across the sample [79]. In this way, a SAXS image can be obtained with each beam position
corresponding to a pixel that contains the full scattering pattern. The spatial resolution of the SAXS
image depends on the beam step size. This mode of data acquisition is called scanning SAXS as opposed
to full-field imaging where the entire sample is illuminated. Scanning SAXS allow to build 2D images
of the sample and plots scattering intensities from each pixel at a certain q range for example. Full-field
tomography can be achieved by a sample rotation of 180° and producing spatially resolved 3D images.

3.3 X-ray Tomographic Microscopy

X-ray Tomographic Microscopy (XTM) is a particularly powerful method to access the bulk of material
and get detailed 3D information on micrometre length scales. It is common to perform XTM at
synchrotron radiation facilities because of a high flux enabling to collect high-quality data.
Additionally, in a synchrotron-based experiment, it is easy to tune the beam energy (in the range of
1 keV to 100 keV) and use a monochromatic beam to reach high contrast and spatial resolution.

Synchrotron-based XTM has been extensively used to study LIBs and has a variety of applications,
giving a deep comprehension of phenomena in batteries. For instance, degradation mechanisms like
thermal runaway and Li-plating can be studied and quantified with XTM [22,80]. Another application
of XTM to battery research is the understanding of the the growth of lithium microstructures [51] or the
evolution of individual particles in the bulk cathode [81]. The spatial resolution achieved in
synchrotron-based XTM can range from 100 nm in nano-tomography [81] to a few micrometres in full-
field XTM [80].
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Figure 15. Schematic of a XTM experiment at a synchrotron with initial data reconstruction steps.

A typical layout for a XTM experiment is shown in Figure 15. The monochromatic X-ray beam
illuminates the sample mounted on a rotation stage. The transmitted signal is converted to visible light
and is captured by a camera detector to produce raw radiographs. These radiographs taken at different
angles make a set of angular projections that are computationally reconstructed to form 3D images. The
transmitted signal is attenuated by the sample according to the Beer-Lambert law’s equation:

[ = Ije ¢ Eq. 15

where [ is the transmitted beam intensity, /; is the intensity of the incoming beam, d is the thickness of
the material and p the absorption coefficient. The whole goal of XTM is to get the p coefficient since
it is linked to the electron density of a material with the following equation:

pZ*

i Eq. 16
AE3 a

u:

where p is the density, Z is the atomic number, A is the atomic mass and E is the X-ray energy. We can
understand from Eq. 16 that when designing an XTM experiment, one must also carefully choose the
beam energy to obtain a good contrast between the materials in the investigated object.
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Figure 16. Calculated absorption as a function of X-ray energy of different cell components in a
Li/graphite cell. The calculation has been made by using the website of the Centre for X-ray Optics at
Lawrence Berkeley National Laboratory: https://henke.lbl.gov/optical constants/filter2.html [82]

Figure 16 shows the simulated transmission of Li-metal/graphite cell with a glass fibre separator and
copper current collector as a function of X-energy. The thickness used in the simulation is typical for
the diameter of a cell used for tomography (see Figure 11). Copper almost fully absorbs all the X-rays
and can potentially shadow materials situated between it and the detector and in contrast, lithium is X-
ray transparent. The separator made of glass fibre could potentially be an issue considering its high
absorption, but it can also bring a good contrast to the materials of interest (graphite, lithium). If the
energy is too low, the transmitted beam will be attenuated too much and if the energy is too high, the
contrast between the materials in the cell will be poor. Looking at absorption of the different materials
in the cell (Figure 16) a suitable beam energy range can be 25-30 keV. An important aspect to consider
is also the potential damage that the beam can cause to the sample. The battery electrolyte can, for
instance, break down and form gas if the X-ray energy is set too low and/or with a dose too high [54].
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Figure 17. 2D illustration of an object absorbing X-rays and its projection on the detector at two
different rotation angles. The sinogram is the combination of all rotations for one row of the detector.

A simplified example of a tomography experiment on a single-phase object and the projection on the
detector is illustrated in Figure 17. The intensity profile is different depending on the angle of rotation
and each angular step will give a projection on the detector. The compilation of these projections for
one row of the detector is called the sinogram. To get the original object from the sinogram, a
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reconstruction algorithm needs to be used. This reconstruction algorithm is based on the Fourier slice
theorem and is divided into 3 steps [54]:

- Take the Fourier transform of the projections.

- Apply a high pass filter.
Use the Fourier slice theorem by taking the inverse of the 2D Fourier transform of the filtered
set.

This algorithm, called Filtered Back-Projection (FBP), can reconstruct the original object based on the
attenuation coefficient and is commonly used in XTM experiments. The filtering step is essential to
alleviate artefacts due to the finite number of projections since the 2D Fourier space cannot be mapped
completely and some data are missing at high frequencies, making simple back-projection often blurry
compared to the original image, see Figure 18. Typically, a high-pass filter (such as the Ram-Lak filter)
is applied to get a faithful reconstruction.

a. Original b. Unfiltered c. Filtered

Figure 18. a. original image of Chalmers logo, b. simple back projections reconstructed image and c.
with the addition of the filtering step.

In addition to attenuation, the interaction of the X-ray with a material can induce a phase change of the
transmitted beam compared to the incident beam. The phase change can help to distinguish different
materials that have a weak absorption contrast from absorption-based tomography. A common route to
also use phase contrast is the Paganin filter [83] which can be added to the reconstruction of the data.

There are also other important parameters to consider in a XTM experiment such as the field of view
(FOV) and the pixel size. The camera detector is composed of a pixel array that has a certain size (e.g.,
a PCO Edge HS camera has 2560%2160 pixels of 6.5 pm each) and when combined with a magnification
lens will give the voxel size and FOV (e.g., micrometre or nanometre). With the example of a PCO
Edge camera detector combined with a x10 objective lens, the voxel size is thus 0.65 um and FOV of
1664 pm in height and 1404 um in width. However, with a x20 objective, the voxel size is 0.325 um
and the FOV is 832*702 um?”. Lowering the voxel size to be able to resolve smaller objects with a larger
magnification is done at the cost of a smaller FOV. A large FOV allows to capture the object of interest
entirely and is crucial to carry out further quantitative analysis.

The resolution in the experiment is the size of the smallest object that can be distinguished in an image.
With a 3D volume from a tomographic reconstruction, the resolution is about 3 times the size of a voxel
since at least 3 voxels are needed to form an interface. As an example, the pixel size given by a detector
was 0.332 um at the ID19 beamline giving a resolution of approximately 1 pm. Practically, the
determination of the actual spatial resolution can be done by plotting a line profile of the intensity along
a sharp interface. Figure 19 shows an interface between a porosity and a graphite particle where a line
was drawn. The intensity profile of this line is plotted, and from this plot, it is possible to extract the
image resolution. From Figure 19, the resolution is about 1.5 to 2 um which is slightly higher than the
estimation from the voxel size (1 um).
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Figure 19. Determination of the resolution in a tomographic image. a. Zoomed tomographic 2D slice
where a line is drawn at a sharp interface between a graphite particle (in bright colours) and a pore
(dark). The resolution is given by the line intensity profile in b. at 10-90% of maximum and minimum
intensities.

Getting quantitative data from XTM is often done by segmentation of the 3D data where the grayscale
images produced by XTM have different values that can help separate the phases present. A simple
approach to realise that is to set a threshold and create a binary image with the value 1 for every pixel
above the threshold and O for the rest. That way, it is possible to quantify the number of voxels (and
thus the volume when multiplied by the voxel size) of one phase.
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Figure 20. Example of segmentation of one tomographic slice with the different components of the cell
(glass fibre separator and graphite anode). A blue overlay indicates the dark pixel that can be identified
as plated Li.

Figure 20 shows a tomographic slice of a Li/graphite cell with a glass fibre separator and copper current
collector. All the dark pixels in Figure 20 are identified as one phase (plated lithium) and the other
materials (graphite, copper, separator) are left out. From here, it is possible to quantify the amount of
plated lithium. One issue with this simple segmentation approach is illustrated by this example since
the pores filled with electrolyte are also identified as lithium. Further analysis must then be carried to
only include relevant data from the tomographic slices, such as defining a region of interest (ROI),
refining the threshold value, or changing the segmentation method (e.g., growing a mask from a seed,
texture segmentation or watershed segmentation)
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4 Results & discussion

This section discusses and puts into perspective the results from the attached papers (I-11I). The overall
scientific question addressed is: what are the morphological and structural changes in a battery electrode
during charge and discharge? We observed the intercalation process followed by lithium plating in
graphite, the pore-filling inhomogeneities of Na” in a hard carbon electrode, and the complex sulfur
conversion in Li/S batteries.

4.1 Storage mechanism in carbonaceous materials
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Figure 21. The volume of segmented plated lithium and electrode thickness change compared to the
thickness of the pristine electrode.

Figure 21 shows data retrieved from XTM of a graphite/lithium PEEK cell. The electrode thickness
change, compared to the pristine electrode and the segmented volume of plated Li is followed during
lithiation and delithiation. The change in thickness of the electrode directly accounts for the state of
lithiation of graphite since the intercalation of Li" between graphene layers increases their spacing,
making the electrode swell by 10-13% (see section 2.2). The measurement of this change of thickness
from the tomographic 2D slice enabled us to follow the lithiation and the subsequent delithiation of the
graphite electrode by and isolating a region of interest and thresholding the plated lithium. From this
analysis, it was possible to quantify the amount of plated Li and correlate the onset of the deposition
with the state of charge and the voltage profile. By comparing the evolution of the two processes with
the state of charge, we could conclude that the two processes occur sequentially during the lithiation,
first the normal intercalation in graphite and then, the plating at the graphite/separator interface.
Similarly, during delithiation, the plated lithium is partially stripped before Li ions are deintercalated
from graphite, leaving dead lithium behind.
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Figure 22. Tomogram cross section-slice highlighting the different features of the graphite-lithium cell
and defect.

Figure 22 shows a 2D cross-section slice of a tomogram of a lithium-graphite stack in a PEEK cell.
Graphite can be identified as grey particles and deposited lithium (framed in red) as black because of
its low electron density. Lithium was deposited at the interface between the glass fibre separator and
graphite. However, in this cell, we could observe a defect, framed in yellow, which could be a gas
pocket or a space filled with electrolyte. We can see that the deposition seems to have occurred under
this defect. It shows that the cell geometry and pressure distribution within the stack will affect, in this
case, metal deposition. Moreover, the Li counter-electrode interface with the separator is not uniform,
meaning that the lithium graphite distance is not constant, creating inhomogeneities in the cell. These
two cell inhomogeneities show that defects caused by the cell assembly must be considered when
analysing XTM data and there can be cell-to-cell variation.

The data from full-field XTM is a computed reconstruction of the electrode where each pixel has a
grayscale value proportional to the electron density of a material. With a sufficiently low pixel size, it
is possible to resolve lithium microstructures and graphite grains. In SAXS tomography, each pixel
instead represents a scattering pattern which allows spatially resolve the state of charge of the electrode.
This technique was performed at the cSAXS beamline at the Swiss Light Source of the Paul Scherrer
Institute (Switzerland) on ex-situ hard carbon electrodes at different degrees of sodiation. Before the
experiment, the cells were cycled in capillary cells then transferred to an empty capillary and sealed in
a neutral atmosphere.
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Figure 23. Integrated intensity of the microporous region of three samples at different degrees of
sodiation from 2D slice of a computed tomographic volumes. a) a pristine hard carbon anode b) an
anode with a low degree of sodiation and c) an anode with a high degree of sodiation. d) Histograms of
the integrated intensity of the microporous g-regime for the three anodes.

The data presented in Figure 23 are 2D slices where each pixel is an integrated value of the SAXS
pattern in the g-range 0.12 A — 0.3 A which corresponds to the microporous regime (Figure 14). The
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scattering intensity in this regime is proportional to the difference in electron density of the carbon
matrix and the micropores. The integrated intensity in this region is decreasing (Figure 23d) which
indicates a micropore filling mechanism taking place during the sodiation of the electrode even at a low
state of charge, in the slopping regime of the voltage profile. SAXS tomography can spatially resolve
the electrode giving precise information on where the pore-filling mechanism is more advanced. The
sodium-free electrode (Figure 23a) has homogenous micropore regime intensity but as the sodium
concentration increases in the anode (Figure 23b & c¢), there is a spatial distribution of pore filling in
the electrode. This shows that the filling of the micropores by Na” in a hard carbon electrode is not
homogenous at high degrees of sodiation.
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Figure 24. Results from operando measurements. a. Galvanostatic voltage profile of the sodiation of
the hard carbon electrode. Grey lines indicate the points of collection of scanning S/WAXS images
during the operando experiment (op #). b. Average SAXS curves of the anode at each time step. Inset
shows a magnified view of the g-range corresponding to scattering from micropores. b. Integrated
intensity in the q-regions corresponding to micropores (0.12-0.3 A™") and hard carbon particle surface
(0.0045-0.01 A"y marked in b.

To obtain a deeper understanding of the sodiation process, a hard carbon-sodium cell was charged and
the average SAXS pattern was obtained every 10 minutes, showing different features of sodiation in
Figure 24. The quartz capillary cell used has much less background in the SAXS region compared to
the scattering from PEEK. At the beginning of the charge, an increase in the integrated scattering
intensity can be observed in the microporous region (0.12-0.3 A™'| Figure 24b & ¢). This can be
interpreted as an increased contribution of the carbon matrix which implies that the intercalation of
sodium in the hard carbon layers is the initial dominating process (in the slope region). Subsequently,
the scattering intensity in the microporous region decreases suggesting a domination of a pore-filling
mechanism in the plateau of the voltage profile (Figure 24a). The low q region (0.045-0.01 A™)
accounts for the hard carbon particle surface and roughness and cannot be directly correlated to
sodiation. The phenomena that could be responsible for the continuous increased scattering intensity in
this region are SEI formation, cracks and swelling of the grain surface. Since the increase in intensity
is larger between the pristine and first scan, the formation of SEI could be a possible explanation.

From the result outlook of this section, one can observe the complementarity of S/WAXS tomography
and full-field XTM. Both techniques can give qualitative and quantitative information through 3D
modelling of an electrode. XTM is based on the different electron densities of materials in the cell and
S/WAXS tomography on the elastic scattering of microstructures and both can resolve inhomogeneities
and structural changes in a battery cell. However, it is worth noting that the time scales required for one
scan in each technique are different. In XTM, depending on the desired resolution, the measurement
time can vary between a few seconds and a few tens of minutes in modern synchrotron radiation
facilities [84] (one minute for the graphite/lithium cell) whereas the acquisition time for SAXS
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tomography of the hard carbon anode was 7 hours long. It is of interest to perform both techniques
sequentially where first XTM is used on the full electrode with fast scanning to identify regions of
interest and then scan those regions with SAXS tomography. The combination of XTM and scattering
techniques (S/WAXS) can be performed at different beamlines e.g., ForMAX at MAXIV (Lund,
Sweden) or ID15a at ESRF (Grenoble, France).

4.2 Structural evolution of sulfur particles in Li/S batteries during cycling

This section is based on a continuation of the study of Sadd et.al. [57] where the dissolution of sulfur
particles could be observed and quantified through operando XTM. Here we expanded the study by
following both dissolution and precipitation of elemental sulfur in the composite electrode during
charge and discharge. We carried out operando XTM at the ID15a beamline at ESRF (Grenoble,
France) on a similar electrode composition but in a different cell compared to the previous work of Sadd
et.al. [57] with the electrode cast on an aluminium foil and put into a PEEK cell with a glass fibre
separator. This geometry did not allow for the full cathode in the field of view but, it is a more realistic
configuration where also less electrolyte is used. After discharge and charge at different current
densities (1C and 2C), tomographic scans were taken at the end of the charge and segmentation of the
sulfur particles was performed.

a. Pristine electrode b. End of discharge at 2C

100 pm

c. Pristine electrode d. After 1C charge e. After 2C charge

832 um v

Figure 25. a, b Tomographic horizontal slices showing the pristine and the end of charge electrodes
after 2C, respectively. ¢ — e volume rendering of the cathode after charge with increasing current
densities of the pristine electrode, after 1C charge, and after 2C charge respectively.

The complete dissolution of sulfur particles (Figure 25a & b) even after a discharge at a current rate of
2C could suggest that the conversion of elemental sulfur into long chain polysulfides is not rate-limiting.
One can consider that at higher rates, polysulfides don’t have the time to diffuse out the carbon matrix
which makes their subsequent redeposition more homogenous. Indeed. the 3D renderings of segmented
sulfur particles after the charge (Figure 25c-e) show that elemental sulfur precipitates evenly in the
cathode. However, it is clear that fewer elemental sulfur particles precipitate at the end of the charge
and this effect is enhanced by increasing current density and could explain poor cyclability. To quantify
changes in particle size, the particle size distribution has been extracted from segmented data and is
shown in Figure 26.
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Figure 26. Distribution of the percentage of sulfur particles as a function of particle size of an equivalent
spherical diameter in the pristine cathode and after charge at 1C and 2C

The volume of a sphere of an equivalent diameter was plotted to better visualise the distribution of
particle size. Additionally, the distribution was scaled to the total volume of segmented sulfur to better
represent the larger particles since their frequency is lower compared to the small particles (diameter <
4 pm). Small particles represent a fraction < 5 % of the total sulfur volume so their contribution to the
electrode capacity can in principle be neglected. The isolated bar at 21 um in the pristine volume is
likely to be an error in the segmentation where a larger particle was not well separated by a watershed.
From Figure 26, we observe a decrease in the average size of the particles after cycling. The effect is
larger with a larger current density. This can be associated with the formation of smaller nuclei that
precipitate in new particles rather than the growth from an existing nucleation site. An improvement to
these data could be to segment the full electrode within the field of view and not only a cropped volume.
However, this represents a challenge with simple thresholding since the grayscale intensity of the
separator’s fibre is very close to the one of the sulfur.
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5 Conclusion & Outlook

In this thesis, X-ray imaging has been used to track morphological changes in battery electrodes through
operando measurement, with high temporal and/or spatial resolution. The complex chemistry and large
variety of battery systems require advanced characterisation methods to reach the deepest understanding
possible of the processes. Here, three very different types of storage mechanisms are investigated. We
show that fast data acquisition in synchrotron-based tomography enables us to track the different
processes taking place in a graphite electrode, from the classic intercalation of lithium ions to the
normally unwanted metallic deposition. SAXS tomography allowed us to follow changes in the
microporous regime of a hard carbon electrode as an indicator of the sodiation state with the correlation
of electrochemical data. We show that the pore-filling mechanism responsible for the energy storage is
not spatially homogenous in the electrode and the degree of inhomogeneities increases with the state of
charge. XTM enabled the direct observation of a sulfur composite electrode, giving detailed insights
into the dissolution and precipitation of elemental sulfur. Through the analysis of the size distribution
of sulfur particles, we showed a decreased overall particle diameter compared to the uncycled electrode
after the charge. The complete dissolution of elemental sulfur even at high current densities indicates
that the conversion reaction into long-chain polysulfides is not rate-limited.

There are multiple paths to explore to improve the comprehension we have of the battery chemistries
studied here. First, to localise the inhomogeneities of lithium intercalation in graphite, it is possible to
perform Digital Volume Correlation (DVC) since it keeps track of displacement fields in a structure,
which can be linked to the graphite lithiation. Additionally, the low contrast in tomography data between
plated Li and pores between graphite particles makes them challenging to differentiate. We plan to carry
out operando S/WAXS tomography to identify the onset of plating in the bulk of the electrode. This
will be combined with XTM at the ForMAX beamline. Moving to XTM performed on a Li/S cell, the
full electrode within the FOV should be considered when performing a quantitative analysis. This can
be done by advanced segmentation methods such as gradient segmentation. Finally, more
complementary work will be carried out for decoupling the contribution of the electrolyte in the pore-
filling mechanism of hard carbons to identify SAXS features from ex-situ and operando data.
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